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RNA polymerase of both eukaryotic and pro- 
karyotic ceils is known to contain tightly bound zinc 
[I-S]. Removal af this zinc from eukaryotic RNA 
polymerase I or if by treatment with chelating agents 
resulted in almost complete loss of catalytic activity 
[6]. The zinc in E. coli RNA polymerase was found 
to be combined with the j? subunit [7] and on its 
replacement by cobalt, transcription of the lactose 
operon in vitra became less sensitive to cyclic AMP 
and catabofite gene activator protein [g]. Thus, zinc 
is an intrinsic component of RNA polymerase and 
may have essential roles in the regulation of trams- 
cription. 
We have reported a convenient method for mea- 
suring the effects of divalent cations on the initiation 
and elongation steps of RNA synthesis separately ]9]. 
In the present work we used this method to examine 
the effect of externally added zinc on the RNA 
polymerase I reaction in vitro, finding that exter- 
nally added zinc selectively inhibits the initiation of 
RNA synthesis but has no effect on elongation of the 
RNA chain. 
2. Mate&is and methods 
RNA polymerase I was partially purified from the 
nucleoli of Ehrlich ascites tumor cells by the method 
in [IO]. The enzyme was stable when kept at -8Q’C 
in the presence of 50% glycerol and was completely 
insensitive to 40 gg/ml of cr-amanitin. The specific 
activity of the enzyme was 2OOO unitslmg protein, 
when 1 unit of enzyme was defined as the amount 
catalyzing incorporation of 1 pm01 UMP in 1 min 
under standard assay conditions in the presence of 
1 mM Mm&. The standard assay mixture contained, 
in 0.25 ml total vol.: 40 mM Tris-HCI (pH 7.9); 
0.25 mM ATP, GTP and CTP; 0.025 mM UTP; 
1 I.tCi [3H]UTP (20 Ci/mmol); 50 mM (NH&SO,; 
2 &ml of cY-amanitin; 10% glycerol; 20 @g/ml 
Ehrlich ascites tumor DNA, and RNA polymerase I. 
After incubation for 5-- 10 min at 37*C, the radio- 
activity incorporated into the acjd-~soluble fraction 
was measured. 
2.2. Assay of the effect of ZnS04 on the initiation 
and elongation of RNA spthesis 
As reported before, Mni& is a better effeetor than 
MgClz for the initiation step of RNA synthesis and 
either MnCI? or M&la is necessary for elongation of 
the RNA chain [9]. In studies on the effect of zinc 
on elongation of the RNA chain, RNA synthesis was 
initiated in the presence of M&I,; after 5 min pre- 
incubation, AFtOX 3(~~ctylo~ime of 3-formyl- 
rifamycin SV), various concentrations of &SO4 and 
t3H]UTP were added to the reaction mixture, the con- 
centration of MnClz or MgCl? was adjusted to the 
optimum for RNA chain elongation, and incorpora- 
tion of [3H]UTP into RNA in 5 min was measured. 
In studies on the effect of zinc on the initiation of 
RNA synthesis, RNA synthesis was initiated in the 
presence of either MnCls or MgC12 and various con 
centrations of ZnSQ,; after 5 min preincubation, the 
concentration of ZnS& was adjusted to 0.08 mM, 
which does not affect RNA chain elongation and 
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that of MnC12 or MgCl? was adjusted to the opti- 
mum for RNA chain elongation; then AF/O13 and 
[3H]UTP were added to the reaction mixture and 
incorporation of [3H]UTP into RNA in 5 min was 
measured. The details of the experiments are given 
in fig.2,3 legends. 
3. Results 
Addition of zinc to the mixture for assay of RNA 
polymerase I markedly inhibited RNA synthesis. 
Either 1 mM MnClz or 4.8 mM MgClz is known to be 
necessary for optimum RNA synthesis [9]. As shown 
in fig.1, ZnS04 inhibited RNA synthesis in the pres- 
ence of both these divalent cations, though the inhibi- 
tion was usually greater in the presence of MgClz than 
in the presence of MnCl,. 
The reaction of RNA polymerase I consists of three 
distinct steps, namely initiation, elongation and ter- 
mination. Thus there are at least three possible ways 
in which zinc could be inhibitory: by reduction of the 
initiation frequency, decrease in the elongation rate, 
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Fig.1. Effect of ZnSO, on over-all RNA synthesis. RNA syn- 
thesis was achieved with 12 units of partially-purified RNA 
polymerase I in the presence of 4.8 mM MgCl, (0) or 1 mM 
MnCl, (o) and various amounts of ZnSO, under the standard, 
conditions. The reaction was terminated after incubation for 
5 min. The amounts of UMP incorporated in the absence of 
ZnSO, were 70 pmol with MgCl, and 120 pmol with MnCl,. 
or increase in the termination frequency. We have 
developed a convenient method for examining the 
effects of divalent cations on the initiation and 
elongation steps separately [9]. Using this method 
we examined the effect of zinc on the elongation 
and initiation steps of the RNA polymerase I reac- 
tion. When zinc was added to the reaction mixture 
after RNA synthesis had been initiated, it had little 
effect on RNA synthesis irrespective of the divalent 
cations in the medium, as shown in fig.2. The result 
indicates that zinc did not inhibit elongation of the 
RNA chain and also that it did not enhance the fre- 
quency of termination. Thus, its inhibitory effect on 
over-all RNA synthesis must be on the initiation step. 
Next, the effect of zinc on the initiation of RNA 
synthesis was examined. As shown in fig.3, addition 
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Fig.2. Effect of ZnSO, on RNA elongation. RNA synthesis 
was initiated using 12 units of partially-purified RNA poly- 
merase I and 40 rg/ml of DNA in the presence of 0.5 mM 
MnCl, in 50 ~1 standard reaction mixture without [‘H]UTP. 
After 5 mm preincubation at 37°C the mixture was diluted 
5-fold without changing the concentrations of any of the 
ingredients except MnCI,, RNA polymerase I and DNA. 
MnCl, and MgCl, were adjusted to 1 mM and 4.8 mM, 
respectively, and then 10 ng/ml of AF/Ol3, [ ‘H]UTP and 
various concentrations of ZnSO, were added. The incorpo- 
ration of [sH]IJTP into RNA during further incubation for 
5 min at 37°C was measured. The incorporations (100%) 
with MnCl, and MgCl, were 46 pmol and 48 pmol, respec- 
tively. (o-o) Effect of ZnSO, with 0.5 mM MnCI,; 
(o-0) effect of ZnSO, with 4.8 mM MgCl,. 
30 
Volume 99. number 1 FEBS LETTERS 
I l 
1 0.1 002 
ZnSOd (mM) 
Fig.3. Effect of ZnSO, on initiation of RNA synthesis. 12 
units of partially-purified RNA polymerase I was incubated 
in the presence of 4.8 mM MgCl, or 1.25 mM MnCl, and 
various concentrations of ZnSO, in 100 ~1 of standard reac- 
tion mixture without [ “H]UTP. After 5 min preincubation 
at 37”C, the reaction mixture was diluted 2.5-fold without 
changing the concentrations of any of the ingredients except 
divalent cations and RNA polymerase I. The concentrations 
of MgCI, and MnCl, were adjusted to 4.8 mM and 0.5 mM, 
respectively, and that of ZnSO, was adjusted to 0.08 mM, 
a concentration that did not affect chain elongation. Then 
10 pg/ml of AF/013 and [sH]UTP was added and the 
incorporation of [3H]UTP into RNA during further incuba- 
tion for 5 min at 37°C was measured. The incorporations 
(100%) in the presence of MnCl, and MgCl, were 75 pmol 
and 15 pmol, respectively. (o-o) Effect of ZnSO, with 
1.25 mM MnCl,; (e-0) effect of ZnSO, with 4.8 mM 
MgCl,. 
of ZnS04 at the initiation step greatly decreased the 
amount of RNA polymerase I engaged in RNA syn- 
thesis. ZnSOz inhibited initiation more in the presence 
of MgCla than in the presence of MnC12, which is 
consistent with its inhibitory effect on over-all RNA 
synthesis with these divalent cations shown in fig.1. 
Thus, zinc seems to reduce the frequency of initiation, 
resulting in apparent inhibition of over-all RNA 
synthesis. 
ZnS04 was reported to enhance the melting of 
double stranded DNA [ 111. The inhibitory effect of 
zinc might be due to increase in the single strand 
region on template DNA, where an abortive com- 
plex could be formed. However, this is unlikely 
because, as shown in fig.5, the inhibitory effect of 
zinc on over-all RNA synthesis was detected with 
both native and heat denatured DNA as template. 
4. Discussion 
Zinc might inhibit the initiation step of RNA syn- This paper reports evidence that zinc selectively 
thesis by competing with MnClz or MgCla for effector inhibits the initiation step of RNA synthesis cata- 
sites on RNA polymerase I. However, this possibility lyzed by RNA polymerase I. This inhibition by zinc 
was excluded by the finding that increasing amounts depends on the presence of divalent cations as effec- 
of MnC12, which is a better effector in initiation than tors of initiation. Zinc caused > 80% inhibition with 
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Fig.4. Effect of MnCl, on the inhibitory effect of ZnSO,. 
RNA synthesis was initiated in the presence of increasing 
amounts of MnCl, with a fixed amount of ZnSO,. After 
1 min preincubation, the reaction mixture was diluted 
S-fold without changing the concentrations of any of the 
ingredients except divalent cations and RNA polymerase I. 
MnCl, and ZnSO, were adjusted to 0.6 mM and 0.04 mM, 
respectively, and then 10 pg/ml of AF/O13 and [3H]UTP 
into RNA during further incubation for 5 min at 37°C was 
measured. Concentration of ZnSO,: (0) 0 mM; (o) 
0.06 mM; (A) 0.12 mM; (A) 0.2 mM. 
MgC12, did not prevent the inhibitory effect of ZnSO+ 
as shown in fig.4. 
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Fig.5. Effect of ZnSO, on RNA synthesis with native and 
denatured DNA. RNA synthesis was carried out using 
12 units of partially-purified RNA polymerase I in the 
pieSeTtee of 4.8 mM k&Cl, and various concentrations of 
Z&O, with native DNA (0) or heatdenatured DNA (e). 
The reaction was terminated after incubation for 5 min at 
37°C. The incorporations of UMP (100%) were 70 pmol 
and 28 pmol, respectively, with native and heat-denatured 
DNA. 
MgCiz as effector, but much less inhibition with 
MnCl*, which is better effector of initiation than 
MgCl?. This selective and almost complete inhibition 
of RNA synthesis in the presence of MgCIZ indicates 
that zinc could be used to discriminate initiated and 
uninitiated complexes in the RNA polymerase I reac- 
tion. 
The inhibitory effect of zinc was not due to its 
competition with manganese (or possibly magnesium) 
for the effector site, because increasing amounts of 
MnClz did not prevent the inhibitory effect of a fixed 
amount of ZnSO+ Moreover since it was found that 
zinc inhibited RNAsynthesis irrespective of the nature 
of the template DNA, its inhibitory effect was proba- 
bly not due to its interaction with DNA. Thus the 
inhibition may be due to the interaction of zinc with 
RNA polymerase I itself. 
RNA polymerase I consists of several subunits, and 
it is uncertain which subunit is the target for exter- 
nally added zinc. However, a catalytic subunit can be 
excluded, because zinc did not change the elongation 
rate of the RNA chain when added to reaction mix- 
ture in which RNA synthesis had already started. Since 
the assay of RNA chain initiation reported here reflects 
the efficiency of RNA polymerase I binding to tem- 
plate DNA, the target of zinc is likely to be a subunit 
that is involved in template-binding, such as 0 of 
E. coli RNA polymerase [12]. 
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